Loss of SURF1, a Complex IV assembly protein, was reported to increase lifespan in mice despite dramatically lower cytochrome oxidase (COX) activity. Consistent with this, our previous studies found advantageous changes in metabolism (reduced adiposity, increased insulin sensitivity, and mitochondrial biogenesis) in Surf1 À/À mice.
. In contrast, a study by Dell'agnello et al. (2007) reported that mice lacking expression of the Surf1 gene, which codes for the SURF1 assembly protein for complex IV (cytochrome c oxidase, COX) of the electron transport chain (Zhu et al., 1998) , show a significant increase in mean lifespan despite a dramatic reduction in COX activity (Dell'agnello et al., 2007) . These studies support the concept that mitochondrial function and lifespan are not causally linked.
In humans, the SURF1 mutation leads to COX deficiency (>90%) in multiple tissues and causes a fatal neurological disorder, Leigh syndrome (Tiranti et al., 1998) . Mice lacking active SURF1 protein (Surf1 À/À mice) were developed to study Leigh Syndrome (Dell'agnello et al., 2007) . However, despite reduced COX activity in all tissues, the Surf1 À/À mice exhibited an unexpected increase in lifespan and a number of phenotypes that do not seem consistent with reduced mitochondrial ETC activity. For example, Surf1 À/ À mice are protected from kainic acid-induced neuronal damage, and isolated neurons from Surf1 À/À mice are resistant to cytotoxic effects of glutamate (Dell'agnello et al., 2007) . Studies from our laboratory have shown that Surf1 À/À mice have reduced fat mass, improved insulin sensitivity, and enhanced memory, compared to wild-type (Surf1 +/+ ) mice Lin et al., 2013) . In addition, tissues from Surf1 À/À mice show increased mitochondrial biogenesis and induction of the mitochondrial unfolded protein response (UPRmt), an evolutionarily conserved stress response pathway (Baker, Tatsuta & Langer, 2011) . Fibroblasts from Surf1
À/ À mice also show increased resistance to cellular stresses (Pharaoh et al., 2016; Pulliam et al., 2014) suggesting that reduced COX activity induces compensatory mitochondrial stress response pathways.
To better understand how the loss of a key mitochondrial protein and dramatically reduced ETC Complex IV activity can generate the positive phenotypes listed above, we set out to critically assess the effect of Surf1 deletion on lifespan in mice and to determine the physiological changes in response to reduced mitochondrial ETC that may contribute to increased lifespan. We repeated the lifespan analysis because (i) the original lifespan study was not intended to be an aging study and did not measure maximum lifespan in all cohorts in the study; (ii) the Surf1 +/+ mice had a short lifespan relative to previously reported values for this strain (B6D2F1); and (iii) because dietary restriction (DR) has been shown to increase lifespan, we were interested in testing whether DR would further increase lifespan in the Surf1 À/À mice. Our data confirm that the Surf1 À/À mice are able to avoid a reduction in lifespan despite significant loss of COX activity. These data provide evidence that reduced mitochondrial ETC activity is not a de facto negative determinant of lifespan, and one cannot assume that all deficiencies in mitochondrial proteins will translate to negative effects on lifespan.
| RESULTS

| COX activity is reduced in Surf1
À/À mice Surf1 deficiency was previously reported to lead to a reduction in COX activity, without affecting activity of other ETC complexes (Dell'agnello et al., 2007; Pulliam et al., 2014) . Here, we measured COX activity in liver, heart, and white adipose tissue (WAT) of young (8-12 months) and old (24-27 months) Surf1 À/À and Surf1 +/+ female mice using tissue homogenates. COX activity is reduced in all three tissues ranging from 22% to 87% in young and old Surf1 À/À mice, compared to Surf1 +/+ mice on either an AL or DR diet ( Figure 1 and did detect small differences when we analyzed the difference in quartile survival time, between pairs of curves, for all quartiles (Q).
Interestingly, Surf1 À/À mice fed AL showed a significant increase in lifespan at Q.5 and Q.7, compared to Surf1 +/+ mice fed AL and Surf1 À/À mice fed a DR diet showed a significant decrease in lifespan at Q.4 (p = 1.5 9 10 À2 ) compared to Surf1 +/+ mice fed a DR diet (Table S1 ). Our findings show that deficiency of Surf1 does not affect overall lifespan.
Lifespan is a valuable measure of the ultimate cumulative effects of aging (Fischer et al., 2015) . However, it has become increasingly evident that changes in markers that indicate the overall general health and vitality of an organism, that is healthspan, are also highly informative (Richardson et al., 2016 Heatmap analysis of genes that showed a significant change compared to Surf1 +/+ mice is shown in Figure 5b . Using ingenuity pathway analysis (IPA), we found that in liver, WAT, and brain 21, 95, and 30 pathways, respectively, are altered due to Surf1 deficiency. Figure 5c shows the top 5 canonical pathways that are changed in liver, WAT, and brain of Surf1 À/À mice. Even though we found significant changes in pathways in liver, WAT, and brain of Surf1 À/À mice, there was no overlap between the pathways in the three tissues. This suggests that Surf1 deficiency has a differential effect on metabolism/signaling pathways in different tissues. and Surf1 À/À mice and of these 57 metabolites were increased and 46 metabolites were decreased (Table S3 ). Surf1 deficiency altered the level of 28 metabolites in adipose tissue in mice fed an AL diet:
two were increased and the other 26 were decreased. Metabolites that change in response to Surf1 deficiency belong to the following metabolic pathways: amino acid (11 decreased); carbohydrate (two increased); lipid (nine decreased and one increased); and nucleotide (four decreased and one increased) (Table S3 ). In adipose tissue from Surf1 +/+ mice, 22 metabolites changed (eight increased and 14 decreased) and in Surf1 À/À mice 42 metabolites showed a significant change (39 increased and three decreased). Thus, Surf1 À/À mice showed a greater effect on metabolites in response to DR and the greatest effect was observed in metabolites in the lipid metabolism pathway (Table S3 ).
The liver tissue dataset is comprised of a total of 327 biochemicals of which 47 showed a significant change (39 increased and eight decreased) (Table S4) . Several amino acids, including phenylalanine, glycine, tryptophan, leucine, and valine, were present at higher levels in Surf1 À/À mice livers, suggesting higher levels of protein turnover in Surf1 À/À mice livers. A striking accumulation of medium-chain free fatty acids-12:0, 10:0, 9:0, and 8:0-as well as the acylglycine conjugate valerylglycine are symptomatic of a block in the function of the medium-chain acyl-CoA dehydrogenase (MCAD).
| Metabolic pathway analysis in adipose tissue
Previously, we found that deficiency of Surf1 in male mice shift metabolism to increased fatty acid oxidation in peripheral tissues . Here, we used a targeted quantitative proteomic approach to assess the changes in metabolic pathways in WAT.
We analyzed WAT from Surf1 À/À mice and Surf1 +/+ mice fed AL and and Surf1 À/À mice heart at young and old ages ( Figure S1f ).
| DISCUSSION
The key finding of this study is that a 22%-87% reduction in activity of a mitochondrial ETC complex (Complex IV) across all tissues measured does not significantly limit lifespan or negatively affect healthspan. Further, we show numerous and tissue-specific changes in metabolism, protein, and gene expression in response to the loss of Surf1. For many years, there has been a widely held hypothesis that mitochondrial function decreases during aging and contributes to aging and age-related physiologic decline. Specifically, the Mitochondrial Theory of Aging predicts that damage to the mitochondrial ETC and mitochondrial DNA over time accumulates and contributes to a spiral of compromised mitochondrial function that facilitates aging (Harman, 1972) . The data we present here do not support this Likewise, other studies have shown that inhibition of ETC complexes will not affect respiration or ATP production until a threshold is exceeded. In fact, this biochemical threshold was shown to be at 75% inhibition for COX in an in vitro analysis using isolated muscle mitochondria in vitro (Letellier, Heinrich, Malgat & Mazat, 1994) .
Consistent with the threshold concept, we tested mitochondrial function in the Surf1 À/À mice using standard in vitro assays and found no loss of mitochondrial function and no evidence for increased ROS generation (Pulliam et al., 2014) . It is possible that this is somehow related to an increase in mitochondrial biogenesis to compensate for the reduction in COX activity in tissues of the Surf1 À/À mice and inhibit any pathophysiological consequences at the cellular level. However, there is evidence that the mitochondria in the Surf1 À/À mice are impaired to some extent in vivo. For example, the Surf1 À/À mice have a significantly diminished treadmill endurance capacity and elevated blood lactate, consistent with impaired mitochondrial function (Pulliam et al., 2014) .
The goal for this study was to determine the metabolic changes that occur in vivo in response to the reduction in SURF1 and Complex IV activity that might contribute to the increase in lifespan in
Surf1
À/À mice originally reported by Dell'agnello et al. (2007). We were also interested in whether DR could extend this lifespan extension. Thus, we repeated the lifespan study in female mice under AL and DR (40% restriction) conditions. However, our lifespan analysis revealed only a slight and nonsignificant increase (7%) in median lifespan, compared to the 17% increase previously reported for female Surf1 À/À mice. Despite the discrepancy in the survival results, the critical fact remains that we did not see compromised lifespan despite the severe reduction in complex IV activity. This is not the first time a study was unable to replicate the increase in lifespan shown in an original study. For example, knockout mouse models for the signaling molecule p66Shc (p66shc À/À mice) (Migliaccio et al., 1999) , insulin receptor substrate 2 (Irs2) (Irs2 +/À mice) (Taguchi, Wartschow & White, 2007) , and the IGF1 receptor (Igf1r +/À mice) (Holzenberger et al., 2003) all showed substantial lifespan extension in initial reports that was not confirmed in follow-up studies (Bokov et al., 2011; Ladiges et al., 2009; Liang et al., 2003; Ramsey et We found that DR extended lifespan in both Surf1 +/+ and Surf1 À/À mice; however, the effect was surprisingly less in the Surf1 À/À mice (18% and 17% extension in mean and maximum lifespan, respectively, in the Surf1 À/À mice vs. a 33% and 46% extension in Surf1 +/+ mice). Our metabolic and phenotypic data unfortunately do not reveal a plausible explanation for the reduced response of the Surf1 À/À mice to DR, but one hypothesis might be that mitochondrial function may be more adversely affected by lower nutrient flux in response to DR in the mice with compromised COX activity.
Our previous studies in young adult male Surf1 À/À mice showed interesting metabolic phenotypes such as reduced fat mass, increased insulin sensitivity, and increased mitochondrial biogenesis in some tissues. There was also an induction of the mitochondrial unfolded protein response (UPR mt ) in several tissues, suggesting that the misassembly of Complex IV subunits due to the lack of the SURF1 assembly factor might induce upregulation of proteostasis and other protective mechanisms that may be related to the increase in lifespan. In the current study, we did not find a clear induction of the UPR mt . One possible reason for this is that our original studies were performed using male mice and the current study is in female mice. We also did not find a clear relationship between the UPR mt and aging in this study. In addition, the most consistent finding in all the metabolic data we collected is the fact that COX deficiency affects gene expression metabolites and metabolic pathways in a tissue-specific manner. Likewise, DR shows tissue-specific effects on proteins and metabolites in Surf1 +/+ and Surf1 À/À mice. In the current study, our metabolic studies mainly focused on adipose tissue, liver and, brain. Adipose tissue and liver play a role in metabolism, and the Surf1 À/À mice tend to have less fat and improved insulin sensitivity 
| COX activity assay
COX activity was measured in liver, heart, and WAT homogenates as described (Spinazzi, Casarin, Pertegato, Salviati & Angelini, 2012) .
The rate of oxidation of cytochrome c was calculated from the change in absorbance at 550 nm. The extinction coefficient of 21.84/mM/cm was used to determine the enzymatic activity.
| Microarray analysis
Microarray processing was carried out at the National Institute on Aging, Gene Expression and Genomics Unit as previously described (Fok et al., 2014) .
| Metabolomics
Frozen brain tissue (n = 8) and WAT (n = 8) were analyzed for metabolite levels by Metabolon (Durham, NC, USA). At the time of analysis, samples were extracted and prepared for analysis using Metabolon's standard solvent extraction method as previously described (Ghazalpour et al., 2014) . Data were normalized by Metabolon and statistical analysis was performed using ANOVA with pairwise comparisons. False discovery analysis was then applied to the dataset using R package "q value" (v 1.30.0, Dabney, A and Storey, J). Metabolon imputed the data for metabolites that had samples that were not detected using the lowest detected data value available for that metabolite. We excluded all metabolites that had imputed value >20% in the groups we analyzed for the pairwise comparisons. Statistical significance was indicated at q value < 0.05 and fold change >15%.
| Targeted quantitative proteomics
Selected reaction monitoring (SRM) mass spectrometry was used to quantify protein abundance as described before (Kinter et al., 2012) .
Bovine serum albumin (8 pmol) was added to 60 lg (as total protein) of WAT tissue homogenate as an internal standard.
| Rotarod
Rotarod performance was measured as described by previously using Rotamex 4/8 (Columbus Instruments, Columbus, OH, USA) (Muller et al., 2006) .
| Grip strength
Hindlimb muscle strength was determined by measuring peak force using the Digital Grip Strength meter equipped with a Hind Limb Pull Bar Assembly (Columbus Instruments, Columbus, OH, USA) essentially as described before (Zhang et al., 2014) . The grip force was observed over 10 trials and the maximum force was recorded.
| Activity and sleep
Spontaneous activity and sleep were measured as previously described (Fischer et al., 2016) . Activity is measured in the number of beam breaks. Sleep is measured using a method validated by Pack et al. (2007) . A sleep bout is any period of inactivity (no beam breaks) greater than or equal to 40 s. Sleep fragmentation is characterized by measuring the number of sleep bouts per hour of sleep.
Data were collected during the light and dark phase over the testing period following acclimation (24-hr, one light and one dark phase) (Pack et al., 2007) .
| Statistical analyses
In general, a two-Way ANOVA with Tukey's post hoc test was performed using GRAPHPAD PRISM version 7.0b (GraphPad Software, La Jolla California). Specific statistical analyses for individual datasets are included in the Figure Legends . Kaplan-Meier estimation, Gompertz parametric modeling, log-rank testing for differences between survival curves, and Boschloo testing for difference in extreme survival were performed with specific functions implemented in the R packages survival, eha and Exact. Quantile regression implemented in the R package quantreg was used to estimate and compare mean, median, and extreme quartile survival times for each group.
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